Androgen deprivation therapy for prostate cancer leads to a significant increase of high-density lipoprotein (HDL), which is generally viewed as beneficial, particularly for cardiovascular disease, but the effect of HDL on prostate cancer is unknown. In this study, we investigated the effect of HDL on prostate cancer cell proliferation, migration, intracellular cholesterol levels, and the role of cholesterol transporters, namely ABCA1, ABCG1, and SR-BI in these processes. HDL induced cell proliferation and migration of the androgenindependent PC-3 and DU145 cells by a mechanism involving extracellular signal-regulated kinase (ERK) 1/2 and Akt, but had no effect on the androgen-dependent LNCaP cell, which did not express ABCA1 unlike the other cell lines. Treatment with HDL did not significantly alter the cholesterol content of the cell lines. Knockdown of ABCA1 but not ABCG1 or SR-BI by small interfering RNA (siRNA) inhibited HDL-induced cell proliferation, migration, and ERK1/2 and Akt signal transduction in PC-3 cells. Moreover, after treatment of LNCaP cells with charcoal-stripped fetal bovine serum, ABCA1 was induced ∼10-fold, enabling HDL to induce ERK1/2 activation, whereas small interfering RNA knockdown of ABCA1 inhibited HDL-induced ERK1/2 activation. Simvastatin, which inhibited ABCA1 expression in PC-3 and DU145 cells, attenuated HDL-induced PC-3 and DU145 cell proliferation, migration, and ERK1/2 and Akt phosphorylation. In human prostate biopsy samples, ABCA1 mRNA expression was ∼2-fold higher in the androgen deprivation therapy group than in subjects with benign prostatic hyperplasia or pretreatment prostate cancer groups. In summary, these results suggest that HDL by an ABCA1-dependent mechanism can mediate signal transduction, leading to increased proliferation and migration of prostate cancer cells. Mol Cancer Res; 8(9); OF1-11. ©2010 AACR.
Introduction
Similar to cardiovascular disease, the morbidity and mortality of prostate cancer is significantly higher in Western countries than in Asian countries (1) . The incidence of prostate cancer in Japanese immigrants, who live in United States, is four times higher than in Japan (2) , which suggests that there are environmental and or nutritional factors that contribute to the development of prostate cancer. A high intake of dietary fat has been implicated as a risk factor for several cancers, including prostate cancer (3, 4) . Low-density lipoprotein (LDL) and remnant lipoproteins, which increase on high-fat diets and promote the delivery of cholesterol to cells, are reported to induce the proliferation of prostate cancer cell lines (5, 6) . The synthesis or acquisition of exogenous cholesterol, a key component of cell membranes, is important in cancer cell growth, including prostate cancer. Previous reports suggested a relationship between malignancy and cholesterol levels in prostatic tissue and secretions (7, 8) and in lipid rafts, which are key platforms for cell signaling events (9) .
Androgen deprivation therapy in men with prostate cancer often leads to a significant increase of high-density lipoprotein (HDL; ref. 10) . Androgens are known to suppress the expression of ABCA1 (11) , which is necessary for HDL biogenesis (12) . ABCA1 is more abundantly expressed in androgen-independent prostate cancer cells than in androgen-dependent cells (13) . Besides playing a role in HDL biogenesis and cholesterol efflux, ABCA1 is also known to be involved in HDL signal transduction (14) .
In breast cancer and adrenocortical tumor cells, HDL is a growth factor, by delivering cholesterol to cells through the SR-BI scavenger receptor (15, 16) . For most cell types, HDL promotes the net removal or efflux of cholesterol from cells by ABCA1 and ABCG1 transporters (17) . In addition to its role in modulating the level of cellular cholesterol, HDL has many other pleiotrophic effects on cells, which potentially could affect cancer cell growth. HDL, for example, triggers the activation of extracellular signalregulated kinase (ERK)1/2, and phosphoinositide 3-kinase/ Akt (18, 19) , which promote cell growth when activated by phosphorylation (20, 21) .
In this study, we examined the effect of HDL on the growth of three commonly used human prostate cancer cell lines (22) , namely PC-3, DU145, and LNCaP cells. LNCaP cells express the androgen receptor and hence show androgen-dependent growth like most early prostate cancers. In contrast, PC-3 and DU145 cells are androgen independent and are commonly used as model cell lines for advanced prostate cancer, which often develop castrationresistant after prolong androgen deprivation therapy (22) . In this study, we found that HDL in an ABCA1-dependent manner promoted cell proliferation and migration of the androgen-independent cell lines by activating ERK1/2 and Akt. These results suggest a previously unrecognized role of HDL and ABCA1 in the pathogenesis of prostate cancer.
Materials and Methods

Cells and chemicals
The human prostate cell lines DU145, PC-3, and LNCaP were purchased from the American Type Culture Collection. DU145 was cultured in DMEM (Sigma); PC-3 and LNCaP were cultured in RPMI 1640 (Sigma), supplemented with 10% fetal bovine serum (FBS; Moregate). Antibodies [rabbit anti-ERK1/2 polyclonal antibody, rabbit anti-phospho-ERK1/2 (Thr202/Tyr204) polyclonal antibody, rabbit anti-Akt polyclonal antibody, rabbit antiphospho-Akt (Ser473) polyclonal antibody, and rabbit antihuman β-actin monoclonal antibody] were purchased from Cell Signaling. ABCA1 antibody was purchased from Abcam. The inhibitors PD98059, PTX, and LY294002 and simvastatin were from Calbiochem. Methyl-β-cyclodextrin (MBCD), charcoal-stripped FBS, and R1881 were purchased from Sigma, Invitrogen, and Perkin-Elmer, respectively.
Isolation and labeling of lipoproteins
Human plasma was collected from normal healthy volunteers. Lipoproteins [LDL (1.019-1.063 g/mL), HDL (1.063-1.21 g/mL)] were isolated by density gradient centrifugation, as previously described (23) . Lipoproteins were dialyzed against 4 L × 3 of PBS (pH 7.4) and then sterilized using a 0.22-μm filter unit (Millipore). HDL with [1, 2-3H] cholesterol was prepared, as previously described (24, 25) .
Cell proliferation assay of human prostate cancer cells
Cells were seeded into a 96-well microtiter plate in 100 μL of the medium, with 1% FBS for 48 hours. Thereafter, the medium was aspirated and the cells were incubated with the medium containing various concentrations of HDL. After incubation at 37°C in 5% CO 2 for 48 hours, the number of living cells was measured using an MTS assay (Celltiter 96 Aqueous one solution cell proliferation assay). The absorbance of the cell lysate was expressed as fold change.
Migration assay
Cells were plated on a 12-well plate and grown to confluence. Thereafter, the medium was aspirated, and the cells were incubated with the medium, containing 0.1% bovine serum albumin (BSA) for 24 hours before each experiment. Two hundred-microliter tips were used to make a denuded area. Cells were washed twice with PBS and treated with or without HDL for 48 hours. Mitomycin C (0.5 μmol/L) was added to the medium for blocking cell proliferation, during the whole 48 hours period of the study. Photographs were taken at 0 and 48 hours, and the cell migration distance was determined by subtracting the values obtained at 0 from 48 hours. The migration distances were expressed as fold change over the control. A representative experiment of three independent experiments is shown in each figure.
Cholesterol efflux assay
Cells were plated on a 24-well plate and incubated overnight in the medium containing 10% FBS. Cells were then washed with PBS and incubated in the medium with 10% FBS and [1, [2] [3] H] cholesterol (1 μCi/mL) for 24 hours. The cells were then washed with PBS, and incubated with the medium containing 0.1% BSA and various concentrations of HDL. After 18 hours, the medium was collected, centrifuged, and counted for radioactivity. The residual radioactivity in the cell fraction was determined after an extraction with hexane/isopropanol (3:2, v/v). Percentage efflux was calculated by dividing the result by the sum of the radioactive counts in the medium plus the cell fraction.
Cholesterol influx assay
Cells were plated on a 24-well plate and incubated overnight in the medium containing 10% FBS. Cells were then washed with PBS, and incubated in the medium containing 0.1% BSA and various concentrations of HDL with [1, 2- 3 H] cholesterol for 24 hours. The medium was collected, centrifuged, and counted for radioactivity. The radioactivity in the cell fraction was determined after an extraction with hexane/isopropanol (3:2, v/v). The cellular radioactivity was shown as disintegration per minute.
Measurement of total cholesterol level in vitro
Cells were cultured on a six-well plate and incubated overnight in the medium containing 10% FBS. Cells were then washed with PBS and incubated in the medium containing 0.1% BSA with or without HDL, LDL, or MBCD. After 24 hours, the medium was aspirated, and cells were washed with PBS. Cholesterol was extracted by hexane/isopropanol (3:2, v/v), and the solution was transferred to the glass tubes for drying by nitrogen gas. Once the tube was dried, 200 μL of 50 mmol/L Tris containing 0.1% TritonX-100 and 10 mmol/L sodium cholate was applied to the tube, and cholesterol concentrations were measured enymatically (Wako). In addition, a solution of 0.1% SD plus 0.1 N NaOH was applied to wells, and the protein concentration was measured by detergent-compatible protein assay (Bio-Rad). Total cholesterol level was calculated by dividing the result by the total protein concentration.
Quantification of mRNA levels mRNA levels were quantified using an 7300 Real-time PCR System (Applied Biosystems). Total RNA extraction and cDNA synthesis were performed (26) , and PCR amplification was done, using 2 μL of cDNA and ABCA1, ABCG1, and SR-BI primer (Applied Biosystems). Next, PCR was done for one cycle of 10 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and 60 seconds at 60°C. For the internal control, cyclophilin A (no. 4326316E, Applied Biosystems) transcript levels were used. Quantitation of mRNA fold changes were done using the comparative CT(2 −ΔΔCt ) cycle (ΔCt) method (27) .
Western blotting assays
Cell lysates were prepared in radioimmunoprecipitation assay buffer (Pierce) containing 1 mmol/L sodium orthovanadate (Sigma) and protease inhibitors (Complete TMwithout EDTA, Roche Diagnostics). Equal amounts of proteins (30-40 μg/lane) were electrophoresed on 4% to 12% SDS-PAGE and transferred onto nitrocellulose membranes. Each membrane was incubated with the primary antibodies described above. Blots were developed with a 1:1,000 dilution of the horseradish peroxidase-conjugated secondary antibody (Cell Signaling). Proteins were visualized using Western Lightning Plus-ECL (Perkin-Elmer). For ABCA1, protein lysates (60-100 μg/lane) were electrophoresed on 3% to 8% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. A representative experiment of three independent experiments is shown in each figure. After 48 h, the number of viable cells was measured by the MTS assay. Columns, mean (n = 4); bars, SD. *, P < 0.01 versus HDL 0 μg/mL. B, cells were incubated with or without HDL as in A and analyzed for cell growth after the indicated times. The numbers of cells were expressed as fold change over the control (HDL 0 μg/mL, 48 h). Columns, mean (n = 3); bars, SD. *, P < 0.01 versus HDL 0 μg/mL in each time. C and D, cells were wounded and then cultured in the medium for 0 or 48 h with or without HDL (PC-3, 100 μg/mL; DU145 and LNCaP, 250 μg/mL). Cell migration into the wound was examined by phase-contrast microscopy. Columns, mean (n = 3); bars, SD. *, P < 0.01 versus control.
Prostate biopsy sample analysis
We quantified ABCA1, ABCG1, and SR-BI expression levels in prostate biopsy samples, using a quantitative real-time PCR method. A total of 76 patients, who had undergone prostate biopsy at Gunma University hospital in 2002 to 2007 were studied. Of these 76 patients, 20 had benign prostatic hyperplasia; 19 had prostate cancer, whose Gleason score is 7; 19 had prostate cancer with Gleason score from 8 to 10; and none of which received any therapy before prostate biopsy. An additional 18 patients with prostate cancer had undergone androgen deprivation therapy for >6 months. This study was approved by the Ethical Committee of Gunma University. The following are the primer sequences for 18s RNA were as follows: forward, 5′-CGG CTA CCA CAT CCA AGG AA-3′, reverse, 5′-GCT GGA ATT ACC GCG GCT GC-3′.
Small interfering RNA
Cells were seeded into a six-well microtiter plate in 2,300 μL (for Western blotting) with 10% FBS. Thereafter, cells were transfected with ON-TARGETplus Non-targeting Pool (no. D-001810-10-05, Dharmacon), ON-TARGETplus ABCA1 small interfering RNA (siRNA; no. L-004128-00, Dharmacon), ABCG1 siRNA (no. L-008615-00, Dharmacon), or SR-BI siRNA (no. L-010592-00, Dharmacon) using DharmaFect (Dharmacon). After transfection, the cells were incubated for 48 hours at 37°C in a 5% CO 2 atmosphere.
Overexpression of ABCA1
The pcDNA3.1 vector containing the ABCA1 stop gene and pIRES-hrGFP-1a vector were digested with Not I (New England BioLabs). The digested vectors were run on 1% SeaKem ME agarose (FMC Bio Products) TAE Gel using a Mini Gel Apparatus (Invitrogen). The ABCA1 insert and pIRES-hrGFP-1a vector were cut from the gel and purified with a GeneClean kit (Bio101). The purified ABCA1 insert was ligated into the purified pIRES-hrGFP-1a Vector using the T4 DNA Ligase (Roche). Two microliters of the Ligation Reaction were incubated with One Shot Chemically competent Escherichia coli cells (Invitrogen) for 30 minutes. The cell suspension was spread onto a LB agar plate containing 100 μg/mL ampicillin and incubated overnight at 37°C. Approximately, 25 colonies were picked and grown up for DNA isolation. The DNA was purified by QIAPREP-SPIN MINIPREP KIT (Qiagen). ABCA1 orientation was checked by digesting the various clones with BamH I (New England BioLabs) and running a 1% SeaKem ME agarose TAE Gel. pIRES-hrGFP-1a Vector was used as control. We transiently transfected the vectors to LNCaP cells by using Cell Line Nucleofector kit R (Lonza).
Statistical analysis
All data unless otherwise indicated are expressed as the mean + SD of at least triplicates. Differences between the values were evaluated by one-way ANOVA (one-way ANOVA) with Tukey's post hoc analysis. In all analyses, P values of <0.05 were considered statistically significant. FIGURE 2. Effect of HDL on cholesterol flux in prostate cancer cells. A, cholesterol efflux to the indicated concentrations of HDL was determined after 18 h. Columns, mean (n = 3); bars, SD. *, P < 0.01 versus HDL 0 μg/mL (PC-3); **, P < 0.01 versus HDL 0 μg/mL (DU145); and §, P < 0.01 versus HDL 0 μg/mL (LNCaP). B, cholesterol influx after 24 h to PC-3 cells with increasing concentration of HDL was determined after 24 h. Columns, mean (n = 3); bars, SD. C, total cholesterol mass after 24 h of treatment with or without HDL (100 μg/mL), LDL (100 μg/mL), or MBCD (1.25 mmol/L) in the medium. Columns, mean (n = 3); bars, SD. *, P < 0.05 versus control. D, effect of MBCD on PC-3 cell proliferation grown in the medium with or without MBCD (1.25 mmol/L), cholesterol (5 μg/mL), HDL (100 μg/mL), LDL (100 μg/mL), or 10% FBS. Columns, mean (n = 4); bars, SD. *, P < 0.01 versus control.
Results
HDL induced proliferation and migration of PC-3 and DU145 but not LNCaP cells
First, we examined the effect of HDL on prostate cancer cell proliferation by the MTS assay (Fig. 1A) and by cell counting (Fig. 1B) . The viable cell number of PC-3 and DU145 cells grown in serum-free media was significantly increased after incubation with HDL in a dose-dependent (Fig. 1A) and time-dependent manner (Fig. 1B) . In contrast, HDL did not induce the proliferation of LNCaP cells (Fig. 1A) . We also determined whether HDL could induce the migration of prostate cancer cells in a wound healing assay ( Fig. 1C and D) in the presence of Mitomycin C to inhibit cell proliferation ( Supplementary Fig. S1 ). Besides increasing cell proliferation, HDL was also found to induce the migration of PC-3 and DU145 cells by approximately 3-and 2-fold, respectively, but did not alter the cell migration of LNCaP cells.
HDL did not alter intracellular cholesterol levels in prostate cancer cells
In a dose-dependent manner, HDL was found to both promote cholesterol efflux ( Fig. 2A) , as well as cholesterol uptake by cells (Fig. 2B) . Unlike LDL, which increased total cholesterol levels in PC-3 and DU145 cells, and MBCD, which lowered total cholesterol levels, HDL did not cause a net change in total cholesterol levels in any of the cell lines (Fig. 2C) . LNCaP cells seemed to be relatively resistant to any change in total cellular cholesterol levels by the three different treatments (Fig. 2C ). After treatment with MBCD, the proliferation of PC-3 cells was significantly reduced, but this response was fully reversed, if MBCD was precomplexed with cholesterol, or if the cells were coincubated with LDL (100 μg/mL) or 10% FBS, which contains lipoproteins (Fig. 2D ). In contrast, HDL, at the same dose used for LDL, only partially attenuated the effect of MBCD on PC-3 cell growth.
HDL activated ERK1/2 and Akt in androgenindependent prostate cancer cells For PC-3 and DU145 cells but not LNCaP cells, HDL at doses >100 μg/mL was found to induce a prompt increase in ERK1/2 and Akt phosphorylation (Fig. 3A and  B) . PD98059, a MAP/ERK kinase inhibitor, LY294002, a phosphoinositide 3-kinase inhibitor, and PTX, a Gi protein inhibitor, were tested for their ability to affect the activation of ERK1/2 and Akt. In PC-3 cells, both PD98059 and PTX reduced HDL-induced phosphorylation of ERK1/2 (Fig. 3C) , whereas both LY294002 and PTX Western blotting. The graph shows the ratio of pERK1/2 to ERK1/2 in each sample relative to 1.0 for lane 2 (n = 3; columns, mean; bars, SD). *, P < 0.05 versus lane 2. A.U., arbitrary unit. E and F, PC-3 cells were preincubated in the absence or presence of PTX (100 ng/mL) for 24 h, PD98059 (2.5 μmol/L) for 1 h, or LY294002 (2.5 μmol/L) for 1 h and then incubated with or without HDL (100 μg/mL) for 48 h. The number of viable cells was measured by MTS assay. Values are expressed as the ratio of the response between HDL treated and nontreated (n = 4; points, mean; bars, SD). *, P < 0.05 versus HDL (E). Cells were wounded and then cultured for 0 or 48 h with or without HDL (PC-3; 100 μg/mL). Cell migration into the wound was examined by phase-contrast microscopy. Columns, mean; bars, SD. *, P < 0.05 versus HDL (F).
reduced HDL-induced phosphorylation of Akt (Fig. 3D) . In addition, these inhibitors partially blocked HDLinduced PC-3 proliferation (Fig. 3E ) and showed even a greater effect on HDL-induced PC-3 migration (Fig. 3F) . Similar results were obtained with DU145 cells (data not shown). The fold increase in Akt phosphorylation by HDL was greater in the presence of LY294002, but this was largely due to the decreased basal level of pAkt (Fig. 3D, lane 6) . The overall level of pAkt was significantly decreased after treatment with HDL in the presence of LY294002 (Fig. 3D, lane 6 versus lane 2) .
ABCA1 expression is lower in LNCaP than in PC-3 and DU145 cells
Next, we compared the mRNA expression of three different cell surface receptors that can exchange cholesterol with HDL, namely ABCA1, ABCG1, and SR-BI. ABCA1 mRNA and protein were observed in PC-3 and DU145 cells but was barely detectable in LNCaP cells ( Fig. 4A and B). ABCG1 mRNA was expressed nearly equally in PC-3 and LNCaP cells but was relatively low in DU145 cells. The expression of SR-BI mRNA was similar in all three cell lines. Androgens are known to suppress the expression of ABCA1 in LNCaP cells (11), which we confirmed by incubating LNCaP cells in charcoal-stripped FBS and showing the induction of ABCA1 mRNA and protein ( Fig. 4C and D) . This response could be blocked by when LNCaP cells in charcoal-stripped FBS were treated with R1881 (Methyltrienolone), a synthetic androgen (Fig. 4E) . Incubation of the androgen-independent cell lines, PC-3 and DU145, in charcoal-stripped FBS had no effect on ABCA1 expression (data not shown). The level of ABCA1 mRNA in human prostate tissue was also examined. No difference was observed in the level of ABCA1 mRNA expression in benign prostatic hyperplasia versus prostate cancer tissue, but prostate cancer tissue from patients treated with androgen deprivation therapy was ∼2-fold higher (Fig. 4F) . Like ABCA1, ABCG1 was also induced in prostate cancer tissue from patients treated with androgen deprivation therapy ( Supplementary Fig. S2 ). The only significant difference observed for SR-BI was that patients with advanced prostate cancer and a Gleason score of 8 to 10 expressed ∼40% less SR-BI mRNA (Supplementary Fig. S2 ).
Inhibition of ABCA1 expression decreased HDLinduced ERK1/2 and Akt activation
To further determine whether ABCA1 affects HDLinduced signal transduction, ABCA1 expression was reduced by transfection with a siRNA against ABCA1. ABCA1 mRNA was markedly reduced by siRNA treatment cells (Fig. 5A) , and a corresponding decrease in the amount of ABCA1 protein was observed in PC-3 cells (Fig. 5B) . The reduced level of ABCA1 in PC-3 cells following siRNA transfection was associated with decreased basal cell proliferation (Fig. 5C ). HDL-induced phosphorylation of ERK1/2 and Akt (Fig. 5D) , and reduced HDL-induced cell proliferation (Fig. 5E ) and cell migration (Fig. 5F ). In contrast, siRNA knockdown of ABCG1 or SR-BI had no effect on HDL-induced cell proliferation ( Supplementary  Fig. S3A and B) .
Overexpression of ABCA1 induced ERK1/2 activation by HDL in LNCaP cells
To evaluate whether upregulation of ABCA1 can induce HDL-induced signal transductions in LNCaP cells, they were cultured in media containing charcoal-stripped (Fig. 6A) , which do not express ACBCA1 under these conditions (Fig. 4A  and B) . Phosphorylation of ERK1/2 induced by HDL could be attenuated after transfection with a siRNA for ABCA1 (Fig. 6B) . When LNCaP cells were transfected with ABCA1 (Fig. 6C ), they were able like PC-3 and DU145 cells to phosphorylate ERK1/2 when stimulated with HDL (Fig. 6D) . We confirmed the effect of siRNA for ABCA1 on LNCaP cells by real-time PCR (Supplementary Fig. S4 ).
Simvastatin inhibits ABCA1 expression in androgenindependent prostate cancer cells
Statin type drugs are known to modulate prostate cancer cell growth (28, 29) and are also known in many cell types to modulate the expression of ABCA1 (30, 31) . In androgen-independent cells, PC-3 and DU145, simvastatin in a time-and dose-dependent manner markedly decreased ABCA1 mRNA (Fig. 7A) and protein, which also had a slightly faster migration (Fig. 7B) . In contrast, simvastatin increased ABCA1 mRNA (Fig. 7A ) in LNCaP cells, but ABCA1 protein in LNCaP cells was still undetectable after simvastatin treatment (data not shown). Values are expressed as the mean +SD (n = 3). *P < 0.01 versus negative (N). C, after transfection, PC-3 cells were cultured in the medium with 1% FBS. After 48 h, the number of viable cells was evaluated by MTS assay. Columns, mean (n = 4); bars, SD. *, P < 0.01 versus negative. D, after transfection, PC-3 cells were incubated with the medium containing 10% FBS for 24 h, and medium was switched to serum-free medium. After 24 h, whole-cell lysate was analyzed by Western blotting after treatment for 15 min (ERK1/2) or 30 min (Akt). The graph shows the ratio of pERK1/2 to ERK1/2 or pAkt to Akt in each sample relative to 1.0 for lane 2 (n = 3; columns, mean; bars, SD). *, P < 0.05 versus lane 2. E, after transfection, PC-3 cells were incubated with the medium containing 10% FBS for 24 h, and medium was switched to serum-free medium. After 24 h, cells were collected and seeded again to 96-well plates in the medium with HDL (100 μg/mL). The number of viable cells was evaluated by MTS assay at the indicated times. The absorbance of the cell lysates was expressed as the fold change compared with 0 h in each group. Points, mean; bars, SD. *, P < 0.05 versus negative. F, after transfection, PC-3 cells were incubated with the medium containing 10% FBS for 24 h, and the medium was switched to serum-free medium. After 24 h, cells were wounded and then cultured for 0 or 48 h with or without HDL (100 μg/mL). Cell migration into the wound was examined by phase-contrast microscopy. Columns, mean (n = 3); bars, SD. *, P < 0.05 versus N+HDL. M, mock; N, negative; and A, ABCA1.
HDL-induced ERK1/2 and Akt phosphorylation (Fig. 7C) , cell proliferation (Fig. 7D) , and cell migration (Fig. 7E) were all reduced in PC-3 and DU145 cells by simvastatin treatment. Simvastatin, however, also partially reduced the basal rate of cell proliferation (Fig. 7D), migration (Fig. 7E) , and Akt phosphorylation ( Supplementary Fig. S5 ) of PC-3 cells in the absence of HDL.
Discussion
The main finding of this study was that HDL induced cell proliferation and migration in androgen-independent PC-3 and DU145 cells but not in androgen-dependent LNCaP cells. We initially expected that HDL may inhibit cell growth and migration by removing cholesterol from cells and thus would antagonize the progrowth effect of LDL on prostate cancer cells (5, 6), but HDL did not cause any net change in the cholesterol content of the three prostate cancer cells examined (Fig. 2D) . This is most likely because of the ability of HDL to also donate cholesterol to cells by the SR-BI receptor (32) and the ability of cells to compensate for any loss of cholesterol by de novo synthesis (33) . The decreased response of LNCaP cells to HDL-induced cell growth and migration seemed to correlate with their lower level of ABCA1, suggesting a role of ABCA1 in these processes. This was confirmed by siRNA knockdown experiments and in experiments that increased ABCA1 expression (Fig. 6 ). In cells expressing ABCA1, HDL also promoted the phosphorylation of both ERK1/2 and Akt (Fig. 3A) , which are known to stimulate cell growth when activated (20, 21) . We previously reported remnant lipoproteins can also promote prostate cancer cell growth by a similar mechanism (6) . Another interesting finding was that prostate cancer tissue from subjects treated with androgen deprivation therapy, which raises HDL (10), were found to have increased ABCA1 expression (Fig. 4F) .
It has been previously described that HDL is one of the main plasma transporters of sphingosine-1-phosphate (S1P), a potent bioactive signaling lipid (34) . Furthermore, HDL has been shown to deliver S1P to cells and stimulate a variety of cell signaling processes, including the phosphorylation of ERK1/2 and Akt (35, 36) . The direct treatment of prostate cancer cells with S1P has also been shown to stimulate cell growth (37) . Thus, the observed effect of HDL on cell proliferation in this study may be related to its ability to deliver S1P, which is consistent with the PTX inhibitor results shown in Fig. 3 . PTX is an inhibitor of G-coupled protein receptors and was found to block the ability of HDL to stimulate the phosphorylation of ERK1/2 and Akt and the proliferation of PC-3 cells. S1P can work with a wide variety of G-coupled protein receptors, such as S1P1-5, which could lead to the phosphorylation of ERK1/2 and Akt (38) . Alternatively, ABCA1 after interacting with HDL is also known to mediate other cell signaling events (14) , which could also affect cell proliferation and migration.
A potential important implication of these findings is that nutritional factors and or drugs that modulate lipids and lipoproteins may affect the formation of prostate cancer and or its growth and metastasis. One report recently described an inverse associations between statin use and FIGURE 6. Activation of ERK1/2 in LNCaP by HDL after overexpression of ABCA1. A, LNCaP cells were cultured in phenol red-free RPMI1640 with 10% FBS or charcoal-stripped FBS for 72 h. The medium was aspirated and switched to phenol red-free RPMI1640 with 1% FBS or charcoal-stripped FBS for 24 h. Cells were then stimulated with HDL for 15 min. Cells were harvested, and cell lysates were prepared for Western blotting. N, normal, CS, charcoal-stripped. B, LNCaP cells were transfected with ABCA1 siRNA (A) or negative siRNA (N). After transfection, the cells were cultured in phenol red-free RPMI1640 with 10% charcoal-stripped FBS for 72 h. Medium was aspirated and switched to phenol red-free RPMI1640 with 1% charcoal-stripped FBS for 24 h. Cells were then stimulated with HDL (250 μg/mL) for 15 min and harvested for Western blotting. Cells without transfection (M), and negative siRNA-transfected cells (N) were used as controls. The graph shows the ratio of pERK1/2 to ERK1/2 in each sample relative to 1.0 for lane 2 (n = 3; columns, mean; bars, SD). *, P < 0.05 versus lane 4. C, effect of ABCA1 vector on ABCA1 expression in LNCaP cells was evaluated. Cells transfected with ABCA1 or control vector were incubated for 48 h before Western blotting. D, after transfection of ABCA1 (A) or control (C) vector, LNCaP cells were incubated with the medium containing 10% FBS for 24 h, and medium was switched to serum-free medium. After 24 h, whole-cell lysate was analyzed by Western blotting after treatment of HDL (250 μg/mL) for 15 min. the risk of prostate cancer (39) , but another study found that statin use was only associated with a reduced risk of advanced disease, especially metastatic or fatal prostate cancer (40) . In vitro, statins can inhibit prostate cancer proliferation, possibly by lowering the cholesterol content of rafts and by inhibiting cyclin-dependent kinase 2 activity (28, 29) . In this study, we observed that statins could also decrease the expression of ABCA1 in androgen-independent prostate cancer cell lines (Fig. 7) . Statins are known to lower the production of LXR ligands, such as 24(S), 25-epoxycholesterol (31) , which induce the transcription of ABCA1. The results from this study suggest that the reduced level of ABCA1 expression by simvastatin could contribute to the ability of statins to reduce prostate cancer cell growth. It is important to note, however, that statins have many other pleiotrophic effects, such as altering the prenylation of Ras and RhoA, and altering the membrane localization of small GTPases (29, 41) , which could also contribute to its ability to decreased cell proliferation. Results from ABCA1 (Fig. 4) and siRNA (Fig. 5 ) transfection studies and modulation of androgen levels (Fig. 6) are consistent, however, with a role of ABCA1 and ERK1/2 FIGURE 7. Inhibition of ABCA1 expression in PC-3 and DU145 cells after simvastatin treatment. A, total cell mRNA was extracted after treatment for the indicated concentration of simvastatin (48 h) or the indicated time with simvastatin (10 μmol/L) in the medium containing 10% FBS. ABCA1 mRNA levels were measured by real-time PCR. Columns, mean (n = 3); bars, SD. *, P < 0.05 versus 0 μmol/L or 0 h. B, ABCA1 protein levels were measured by Western blotting. Cells were incubated in medium containing 10% FBS and various concentrations of simvastatin. After 48 h, total cell protein was extracted. Sim, simvastatin. C, cells were incubated with the medium containing 10% FBS and various concentrations of simvastatin for 24 h, and medium was switched to serum-free medium containing various concentrations of simvastatin. After 24 h, the cells were stimulated with HDL (PC-3, 100 μg/mL; DU145, 250 μg/mL) for 15 min (ERK1/2) or 30 min (Akt). Cell lysates were prepared for Western blotting. D, cells were cultured in culture medium containing various concentrations of simvastatin. After 48 h, HDL was added at 100 μg/mL (PC-3) or 250 μg/mL (DU145). After the indicated time, the number of viable cells was measured by MTS assay. The absorbance of the cell lysates was expressed as the fold change compared with control (0 h, 0 μmol/L). Points, mean (n = 4); bars, D. *, P < 0.01 versus simvastatin 0 μmol/L. E, cells were cultured in the medium with or without simvastatin (10 μmol/L). After 48 h, cells were wounded and then cultured for 0 or 48 h with or without HDL (PC-3, 100 μg/mL; DU145, 250 μg/mL). Cell migration into the wound was examined by phase-contrast microscopy. Columns, mean (n = 3); bars, SD. *, P < 0.05 versus HDL; §, P < 0.05 versus control.
phosphorylation in the ability of HDL to induce cell proliferation in androgen-independent cell lines.
There are no reports on the effect of drugs that raise HDL (42) , such as niacin, on prostate cancer, but androgen deprivation therapy used in the treatment of advanced prostate cancer is known to significantly raise HDL. HDL typically increases between 8% to 20% following androgen deprivation therapy (10) . This occurs, at least in part, because androgens can lower HDL levels by increasing the expression of SR-BI (43) . As previously reported (11), we also found that androgens inhibit the expression of ABCA1 in LNCaP cells, which are androgen dependent. In contrast, we found minimal effect of androgens on ABCA1 expression in the androgenindependent PC-3 and DU145 cells. Furthermore, we found that prostate cancer tissue from patients treated with androgen deprivation had higher levels of ABCA1. This suggests the possibility that advanced prostate cancer cells, which become androgen independent following androgen deprivation therapy, may be particularly sensitive to the growth-promoting effects of HDL because of their higher levels of ABCA1 and higher plasma HDL. Statins, which decreased the HDL-induced growth of PC-3 and DU145 by inhibiting ABCA1 and possibly by other mechanisms, may, therefore, be useful in treating hormone refractory prostate cancer after androgen deprivation therapy.
In summary, HDL was found to induce androgenindependent prostate cancer cell proliferation and migration by an ABCA1-dependent mechanism. These results suggest that future studies on the effect of diet and lipidmodulating drugs may uncover new approaches for the prevention and treatment of prostate cancer.
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